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Abstract: A major e r ror  i n  navigational posit ion f ixing 
using a satell i te-borne interferometer i s  due t o  multi- 
path propagation. Reflections, pr incipal ly  from the 
ear th 's  surface, contaminate the phase measurement which 
provides posit ional information. A signal design method 
of reducing multipath e r ror  i s  investigated wherein the 
navigation s ignals  a re  swept i n  frequency. A time averag- 
ing of the frequency-swept signals a t  the navigation re- 
ceiver can then be used t o  reduce the multipath e r ror  
contribution below the maximum fixed-frequency error .  
Allowing a maximum integration time of one second c a l l s  
f o r  a sweep r a t e  of about 16 KHz. For ceresin c r i t i c a l  
values of sweep width the multipath error. may be complete- 
l y  cancelled. Sh i f t s  i n  these c r i t i c a l  sweep width opera- 
t ing  points due t o  user  motion during the time in te rva l  
of integration can be tolerated a t  the expense of  a larger 
t o t a l  sweep width. T h i s  i s  because the  error ,  as well as 
possessing numerous small zeros, has m a x i m a  which decrease 
l inear ly  w i t h  sweep width becoming suf f ic ien t ly  small w i t h  
large (e& 3.2 MHz a t  I;-band) sweep t o  make the precision 
of e l ec t r i ca l  phase-measuring equipment the l imiting error  
factor.  
Since e l e c t r i c a l  phase i s  path length as well as 
wavelength dependent, the motion of a navigating user can 
be substi tuted f o r  the transmitter sweeping. For a one 
second integration time, a supersonic transport  on a 
t ransa t lan t ic  f l i g h t  can measure h5s posit ion t o  within 
about 2.8 km using the integration-while-in-motion tech- 
nique. Using the frequency sweep technique, t h i s  can be 
reduced t o  57 m o r  l e s s  assuming the associated e l ec t r i ca l  
phase can be measured w i t h  suff ic ient  accuracy. The 
integration-while-in-motion technique requires l e s s  equip- 
ment, but a s low moving user cannot use t h i s  method f o r  
rap id  posit ion determination. Although the integration- 
while-in-motion method may be suitable i n  cer ta in  applic- 
ations,  a greater degree o f  control in error  reduction is 
possible w i t h  the frequency sweep technique . 
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10 0 INTRODUCTION 
Many communications systems involve envisonments 
i n  which d i rec t  s ignals  a re  accompanied by t h e i r  in- 
direct, time-delayed counterparts due t o  new and 
longer propagation paths created by re f lec t ion .  These 
unwanted re f lec t ions  combine w i t h  the desired d i rec t  
signal t o  produce a contaminated composite signal and 
an associated system error .  O f  par t icu lar  i n t e re s t  i s  
the multipath encountered i n  earth-space navigation 
links where the multipath e r ror  can be a l imit ing 
fac tor  i n  achieving required system performance. 
S a t e l l i t e  navigation systems have 6een proposed 
i n  response t o  a growing need by long-range, high 
speed a i r c r a f t  f o r  more accurate posit ion determina- 
t i o n  over oceans and land areas lacking ground sta- 
t ions  within line-of-sight. O f  most immediate concern 
is the  heavily traveled North Atlantic co r r ido r  whose 
annual number of j e t  f l i g h t s  by 1975 i s  expected t o  
more than double the 1964 t ransa t lan t ic  a i r  t r a f f i c .  
S a t e l l i t e s  carrying navigation instrumentation rep- 
resent all-weather systems which, f o r  example, can 
1 
provide over-ocean posit ion f ixes  allowing a naxrow- 
ing of air corridors t o  accommodate increased t r a f f i c  
without sacr i f ic ing safety. 
2 
One technique f o r  radionavigation by s a t e l l i t e  
involves the measurement of angles between the nav- 
igat ing user and orbit ing interferometers. Studies of 
applications of t h i s  principle have been made by 
Westingh~use?-~ Cubic Corporation:-’’ and the 
University of Pennsylvania.” All of these studies 
reveal tha t  multipath propagation i s  a major source 
of error.  Reference 11, discussing the radiat ing sat- 
e l l i t e  interferometer, indicates the need f o r  a mag- 
nitude of e r ror  reduction equivalent t o  suppressing 
the multipath signal below the d i r ec t  signal by as 
much as 47 dB t o  achieve posit ion accuracies t o  with- 
i n  one nautical  mile. 
T h i s  work i s  aimed a t  reducing the error due t o  
muftipath i n  navigation systems employing s a t e l l i t e -  
borne interferometers which locate navigating users 
by making angular measurements. Such systems require 
only a single s a t e l l i t e  t o  determine a posit ion f i x  
f o r  navigating users  i n  the  s a t e l l i t e ’ s  f i e l d  of view. 
In practice the s a t e l l i t e  would carry a p a i r  of  
crossed interferometers each of which provides a l i n e  
of posit ion along which the navigating user may be 
located. The intersect ion of  these two l i n e s  o f  pos- 
i t i o n  pinpoints the user ’s  exact location provided 
h i s  a l t i t ude  i s  known. 
The angular posit ion determination provided by 
an interferometer i s  directly r e l a t ed  t o  the electr ic-  
a l  phase difference between the signals arriving a t  
i ts  spaced antennas. When multipath propagation occurs, 
an incoming d i r ec t  signal is contaminated by unwanted 
ref lect ions.  The phase difference measurement made on 
t h i s  composite signal i s  generally d i f fe ren t  from that 
of the d i r ec t  signal alone. Hence the angular posit ion 
of the source of incident radiat ion computed from t h i s  
measurement i s  i n  e r r o r .  
The received phase of continuous wave navigation 
s ignals  propagated over a distance is both wavelength 
and path lengkh dependent. The signal design schemes 
herein examined exploit  these properties t o  achieve 
multipath e r ror  reduction. By varying the wavelength 
of the  transmitted navigation signal and subsequently 
low-pass f i l t e r i n g  a t  the receiving end, phase error  
due t o  multipath i s  generally reduced below the max- 
imum fixed-frequency error .  If the user i s  moving, 
the multipath contaminated phase measurement will 
undergo a var ia t ion w i t h  changing propagation path 
lengths due t o  t h i s  motion. T h i s  i s  a second usable 
mechanism f o r  which appropriate f i l t e r i n g  a t  the re- 
ceiving end w i l l  r e s u l t  i n  e r ror  reduction. 
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Although these techniques f o r  improvement are  
generally applicable, the  case where the multipath 
signal amplitude i s  much l e s s  than the d i r ec t  signal 
amplitude i s  chosen t o  demonstrate the e r ror  reduction 
principles.  Other cases are not readi ly  amenable t o  
the same degree of quantitative analysis.  Where nec- 
essary f o r  the purpose of  c l a r i f i ca t ion ,  the system 
parameters such as s a t e l l i t e  and user a l t i tudes ,  
interferometer baselines,  and operating frequency 
are  fixed o r  r e s t r i c t e d  i n  accordance w i t h  p rac t ica l  
considerations. An insight  i n to  these considerations 
is provided by section 2 describing the general opera- 
t i on  of navigation s a t e l l i t e  systems which w i l l  
benefit  from multipath e r ror  reduction. 
Section 3 derives the angle-measurement system 
phase-error equation. T h i s  i s  followed i n  the f o u r t h  
section by an analysis of the proposed er ror  reducing 
mechanisms applied t o  the r e s u l t s  of section 3 .  The 
las t  section reviews the e r ror  reduction analysis 
and presents conclusions based on a discussion of the 
r e s u l t s  of t h i s  work. 
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2.0 TEiE INTERFIBOMETER NAVIGATION SATELLI'PE 
The basic pr inciples  involved i n  angle-measure- 
ment positioning by s a t e l l i t e  as well as methods of 
incorporating them i n t o  a prac t ica l  navigation sys- 
tem are  outlined below. The discussion gives an 
understanding of what parameter values might be used 
i n  an operational system so  that  the er ror  due t o  
the occurrence of multipath can l a t e r  be assessed 
and processed f o r  reduction. 
2.1 System Concepts 
The interferometer navigation s a t e l l i t e  car r ies  
spaced antennas which are  considered i n  pa i r s  f o r  the 
purpose of measuring the difference i n  phase of a 
signal incident upon them. Consider Figure 1. 
From the  l a w  of  cosines, 
d2 t 
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Converting this path length difference to difference 
of phase A @ ,  
where A is the operating wavelength. From the meas- 
ured phase difference A$ equation ( 1 )  , the ir;ter- 
ferometer equation, gives 6 thereby providing an 
angular line of position to the navigating user with 
respect to the interferometer baseline. A second pair 
of antennas with baseline perpendicular to the first 
is needed to pinpoint the user assuming he knows his 
altitude. 
After differentiating equation ( I )  
a 
Equation (2) states t ha t  f o r  a given phase measure- 
ment e r ror ,  the e r ror  i n  determining the user ' s  pos- 
i t i o n  ( i n  terms of COS e ) i s  inversely proportional 
t o  YA the  number of wavelengths i n  the in te r fe r -  
ometer baseline. On the basis of (2) alone, best  ac- 
curacy i s  obtained w i t h  =/A as large as physically 
possible, perhaps 100. However f o r  7 3  7 1 the det- 
ermination of  0 can be ambiguous. T h i s  stems from the 
fact that  measured phase differences a re  modulo 2 n .  
Only i f  the ac tua l  phase difference (including a 
knowledge of which antenna phase lags)  were known 
could a unique 8 be determined from the interferometer 
equation. Considering ( I  ) 'I it i s  seen that f o r  
.. . 
* 
ference equals phase difference modulo 2n.  For 
the actual  phase difference 
can exceed 2~ and phase measurements corresponding 
t o  more than one user location (more than one 8 )  can 
r eg i s t e r  the same phase modulo 2 T .  
* 
T h i s  assumes a s ingle-sa te l l i t e  interferometer. 
It may be possible t o  operate a large baseline sys- 
tem using two one-antenna s a t e l l i t e s  o r  a single one- 
antenna s a t e l l i t e  allowed t o  synthesize a baseline 
along its o r b i t a l  path. 12 
9 
Presently there are  four frequency bands 
which may be considered promising candidates f o r  
in te rna t iona l  use by airborne, satell i te-borne , and 
ground based electronic  aids t o  navigation: 118-132, 
1540-1660, 5000-5250, and 15,400-15,700 MHz. A t  a l l  
these frequencies, considering the  size of commonly 
used antennas, ’ /A will probably have t o  exceed 1. 
Resolution of ambiguities may be accomplished by 
making measurements a t  two frequencies or a t  two 
d i f fe ren t  antenna spacings, 13 
One of the  advantages of the’interferometer 
navigation s a t e l l i t e  over non - angle-measurement 
systems is the  f a c t  that only a s ingle  s a t e l l i t e  
,need be used t o  obtain a posit ion f i x s f o r  users  i n  
the  s a t e l l i t e ’ s  f i e l d  of  view. The use of such a 
s a t e l l i t e  a t  synchronous a l t i t ude  (36,000 km) 
al lows continuous ava i lab i l i ty  of the  s a t e l l i t e .  t o  
a given f i e l d  of view and three s a t e l l i t e s  would 
provide complete ear th  coverage except for the poles. 
For a s a t e l l i t e  a t  synchronous a l t i tude ,  Figure 2 
shows the minimum spacing between ambiguous l i nes  
of posit ion f o r  a prac t ica l  range of =/A. 
There a re  several  approaches t o  administering 
an b te r fe rometer -sa te l l i t e  navigation system. The 
p o s s i b i l i t i e s  f o r  accommodating many users,  process- 
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i n g  the  phase measurements, and measuring the requir- 
ed posit ion and-orientat ion of the s a t e l l i t e  are  dis- 
cussed e 1 ~ e w h e r e . l ~  It is  the purpose of t h i s  work 
t o  propose a means of reducing the  multipath e r ror  
encoantered i n  the a l l  important phase measurement 
introduced above. 
2.2 The Occurrence of Multipath i n  the System 
In general, extraneous propagation paths may 
occur due t o  re f lec t ion  from the ear th ' s  surface, 
p a r t i a l  re f lec t ion  from atmospheric sheets or 
elevated layers,15 o r  re f lec t ion  from the user c r a f t  
o r  s a t e l l i t e  parts. E a r t h  surface re f lec t ions  w i l l  
almost always occur. P a r t i a l  re f lec t ion  due t o  the 
propagation medium i s  expected t o  be a r a re  circurn- 
stance most l i ke ly  occurring f o r  low s a t e l l i t e  elev- 
a t ion  angles i f  a t  a l l .  The case of re f lec t ion  from 
structures  supporting the  antennas i s  a consideration 
i n  the  design of the s a t e l l i t e  and the positioning of 
the user antenna. It should not prove d i f f i c u l t  t o  
keep the s a t e l l i t e  proper behind the pat terns  of 
d i rec t iona l  interferometer antennas especially i n  
the case of a synchronous s a t e l l i t e  where beamwidths 
of only 18O are  required f o r  coverage of the f u l l  
f i e ld  of view on the earth. In  the case of re la t ive ly  
12 
broad-beam antennas considered necessazy fo r  low 
cost  a i r c r a f t  ins ta l la t ions ,  proper antenna place- 
ment may be a d i f f i cu l t  problem but one which i s  
mitigated by the f a c t  that  the application of the 
e r ror  reduction schene of section 3 does not depend 
upon the  source of  unwanted re f lec t ions .  Rence a l l  
thee multipath mechanisms are  handled by the  pro- 
cessing described i n  section 3 .  
The multipath propagation geometry due t o  re- 
f lec t ion  from the surface of the ear th  is  shown 
schematically i n  Figure 3. The multipath signals may 
be specular or diffuse depending upon the combination 
of the signal wavelength, the angle of incidence, 
and the roughness of the reflectLng swface.  The 
specular - difrfuse d is t inc t ion  can be made using 
16 the Rayleigh c r i te r ion :  
3\ ah sin 4 6 (3) 
where Ah is  the standard deviation of the heights 
of the i r r egu la r i t i e s  of the scat ter ing surface, 1( 
is  the radiat ion grazing angle of  incidence, and A 
i s  the incident radiat ion wavelength; when (3) holds, 
specular re f lec t ion  i s  expected. The Rayleigh c r i t -  
erion i s  conveniently displayed i n  Figure 4, a p l o t  
of equation (3) e 
I3 
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The re f lec ted  signal voltage B can be re la ted  t o  
the  direct  signal voltage A 
re f lec t ion  coeff ic ient  k defined by 
through the multipath 
B = k A  
Neglecting atmospheric effects ,  A remains constant 
but 8 can be a function of  time i n  accordance w i t h  
the  n a m e  of the re f lec t ion  mechanism.17 'Phis mech- 
anism i s  embodied i n  k along w i t h  a fac tor  t o  in- 
clude any multipath suppression due t o  system antenna 
patterns.  In terms of i ts  consti tuent parameters, 
k = T / P  
where i s  the multipath voltage amplitude sup- 
pression fac tor  due t o  surface losses,  /? i s  the 
multipath voltage amplitude suppression fac tor  due 
t o  surface scattering, and p is the multipath volt- 
age amplitude suppression fac tor  due t o  the system 
aneenna patterns.  
Por the specularly re f lec ted  energy the factor  
becomes the Fresnel re f lec t ion  coeff ic ient  i f  
the curvature o f  the e a r t h 7 i s  neglected - a good 
approximation f o r  source elevation angles greater 
than about one degree.18 Sherwood and Ginzton have 
16 
made measurements on homogeneous sample regions a t  
10 cm t o  determine the re f lec t ion  coeff ic ient  of 
several  types of land and both f resh  and salt water. 19 
In a world-wide navigation system, over-ocean f l i g h t s  
w i l l  occur most often and t h i s  last case of salt  
water measurement is of  par t icu lar  in te res t .  Its 
r e s u l t s  compare favorably w i t h  more recent work 
20 done by a group a t  the M.1.T. Lincoln Laboratory. 
The M.I.T. measurements were made a t  UHF on signals 
from the Lincoln Experimental S a t e l l i t e  LES-3, These 
s ignals  were received by an over-ocean a i r c r a f t  and 
the  r e s u l t s  a re  shown i n  Figure 5 where the multipath 
suppression fac tor  i s  plotted against grazing angle. 
Note that  a t  higher grazing angles the suppression 
fac tor  i s  smaller than that predicted by the theor- 
e t i c a l  specular re f lec t ion  curves. T h i s  i s  a t t r ibu ted  
t o  the presence of some diffuse scattering. 
Scattering a r i s e s  from surface i r r egu la r i t i e s .  
For a surface which i s  only s l i gh t ly  rough, specular 
re f lec t ion  can be said t o  occur i n  which case R i s  
given as a function of the surface roughness parameter 
(Ahsrn r/A) by Figure $.I8 For very rough surfaces 
(Ah  >> ?t ) arid other than extremely shallow incidence 
angles, diffuse scat ter ing occurs, In  t h i s  c a s e R  is  
independent of the grazing angle of incidence, the 
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surface deviation, and the wavelength. 
Maloney,21 measuring a t  104-6 MHz, have 
mean diffuse case value of 0.35 f o r  R 
deviation 0.15. 
The fac tor  p ,  which can serve t o  
McGavin and 
determined a 
w i t h  standard 
fur ther  reduce 
the multipath re f lec t ion  coeff ic ient ,  a r i s e s  from the 
use of other than omnidirectional antennas. For 
example, the typical  cardio&d main-lobe pat tern 
shown on an a i r c r a f t  i n  Figure 7 places the earth- 
re f lec ted  multipath i n  a reduced gain position. The 
f igure applies t o  the  case where the s a t e l l i t e  i s  
very far away s o  that  the re f lec t ion  incidence angle 
approximately equals the s a t e l l i t e  elevation angle a t  
the a i r c r a f t .  Le% the gain of  the antenna be given by 
G(7) where 7 is  measured from a l ine  perpendicular 
t o  the top of the a i r c r a f t  fuselage. It f o l l o w s  that  
It i s  possible t o  approximate most antenna 
pat terns  over the 2 Y angle of i n t e re s t  by a con- 
s tan t  r a t e  of decrease i n  gain given here i n  decibels 
per degree. Assuming a gain of uni ty  i n  the direct ion 
of the d i rec t  srgnal path, Figure 8 r e l a t e s  p t o  the 
s a t e l l i t e  elevation angle f o r  pat terns  decreasing 
20 
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by 0.l’and 0.2 decibels per degree. I n  theory p would 
be the product Cf the suppression fac tors  of both the 
user and s a t e l l i t e  antemas. However, a t  a high alt-  
i tude interferometer 
path s ignals  w i l l  be 
*a suppression fac tor  
nif  ican t ly  d i f fe ren t  
s a t e l l i t e ,  the  d i rec t  and multi- 
t o o  close together t o  r e s u l t  i n  
a t  the  s a t e l l i t e  which i s  sig- 
from unity. 
3.0 EXPRESSING TKE SYSTEM PHASE-MEASUREMENT ERROR 
Positional information is obtained from the 
phase difference between the signals at the spaced 
antennas of the satellite interferometer (in accord- 
ance with equation ( I )  ). The phase difference be- 
tween multipath contaminated signals will in general 
differ from that uncontaminated difference which 
yields a user's true angular position. For the 
purpose of this derivation, it is convenient to rep- 
resent the system's constituent signals as phasors. 
This is done in Figure 9 where 
Ai = magnitude of direct signal i 
Bi = magnitude of multipath signal I 
Ci 
a 
D 
= magnitude of resultant signal 
(I(; = phase angle of direct signal i 
p; = phase angle of multipath signal i 
a{ = phase angle of resultant signal i 
i = 1 , 2  
From Figure 9 ,  
24 
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or 
A d ' =  A d  + € 
where 
AN' = (a='- a / )  , the  measured phase difference 
=: (o(2- a , )  , the desired phase difference 
e = (?fz- r, the error  due t o  multipath 
In  terms of d i rec t  and multipath signal amplitudes 
and multipath signal phases, E becomes 
Hence 
The interferometer baseline is not l i ke ly  t o  be 
so large tha t  d i r ec t  rays  propagating t o  i t s  spaced 
antennas w i l l  undergo s ignif icant ly  different  atten- 
uation. Moreover the two multipath signals a re  l i ke ly  
t o  have specular re f lec t ion  points close enough to -  
gether t o  insure equal re f lec t ion  coeff ic ients  f o r  
26 
v i r t u a l l y  a l l  cases. These conditions a re  incorporat- 
ed i n  succeeding calculations by l e t t i n g  A ,  = A, = A 
The difference of two arctangent functions ap- 
pearing i n  equation ( 4 )  can be writ ten as a single 
arctangent function plus a constant according t o  the 
following i den t i ty  
where 
K i 0 77- -7r X W - 1  x > o ,  X Y  4-1 XLO,  X Y < - i  
B 5 / n P z  
A + B c o s p 2  x =  
0 sInPt 
A + B COS Y =  
Using equation (5) i n  equation ( 4 )  
If 
ed 
the multipath phase angles are  equal, the measur- 
phase difference w i l l  equal the  desired phase 
difference without error.  That i s  t o  say, whenp,=Pz, 
then Ao('= A OC which requires that  K = 0. 
It w i l l  be assumed that B/ACC \ . T h i s  effect-  
ively says tha t  the fac tors  comprising the multipath 
re f lec t ion  coefficient ( k )  have substantial  effect .  
Under t h i s  assumption, equation (6) becomes 
At a wavelength A ,  the change i n  phase over path 
length 1 ( i n  f r ee  space) i s  given by 27T-1 - Suppose 
A 
the  d i r ec t  paths  t o  the first and second s a t e l l i t e  
interferometer antennas are  given by 1, and 12 re- 
spectively. Let the  t o t a l  ref lected signal paths be 
designated by 1 3  and 1, where 1, i s  associated 
w i t h  the first s a t e l l i t e  antenna and l4 i s  associated 
with the second. The path length differences between 
the d i r ec t  and reflected.  signal paths are  t h e n l 3 - 1 ,  
f o r  the first antenna and ,&-I2 for the second. It 
follows tha t  
28 
Equation (7) becomes 
where the second term of (6 )  is  the  phase e r ror  due 
to multipath propagation. 
440 SIGNAL-DESIGN ERROR REDUCTION 
Equation (8) shows the  multipath phase e r ror  
and i ts  dependence on operating wavelength and sys- 
t e m  geometry, By allowing e i the r  o f  these parameters 
t o  vary with time, the phase measurement w i l l  take 
on a time variation, It i s  proposed t o  have the 
navigation receiver low-pass f i l t e r  such a time- 
varying phase measurement t o  extract  an average 
value containing a reduced er ror  component. 
4,1 FREQUENCY-SWEEP TECHNIQUE 
4-1.1 Processing the  Phase Measurement 
In the frequency-sweep technique, the otherwise 
continuous wave navigation signal i s  swept i n  freq- 
uency a t  the transmitter.  To investigate the e f fec t  
of the frequency sweeping, the path lengths are con- 
sidered fixed while the savelength )i i s  made t o  
vary w i t h  time, Hence the phase error  due t o  
multipath propagation becomes 
Choose a sinusoidal frequency sweep about center 
frequency 4 by l e t t i n g  f(t> = 6 ( 1  + Q COS p t  ) where 
4 i s  the sweep width fac tor  and P is the sweep 
frequency. 
&(,fq) 
& 
Pt 
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where C i s  the velocity of propagation assuming a 
free space path. 
0 0 )  9 
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Varying w i t h  time makes a l l  quant i t ies  of 
equation (3) time varying: 
A&)= DOC&) i- e&)  
C C 
The navigation receiver w i l l  low-pass f i l t e r  (12) t o  
obtain 
33 
Note that the desired phase measurement A H  appears 
as the first term of equation (13) . The second term 
of (13) is the new, generally smaller e r ror  contrib- 
ution, In  f i l t e r i n g  ( 1 2 )  t o  obtain (13) , it i s  
assumed that 
7- 
/- 
’ J  7 cospt 
0 
dt 0 
c 
E’or prac t ica l  purposes t h i s  i s  t rue  when T>> p 1 
where i s  the integration time. Again, pract ical ly  
speaking, navigation measurements should be made as 
quickly as possible. Arbi t rar i ly  assuming a maximum 
allowable integration time of one second w i l l  permit 
the calculation of a minimum sweep r a t e .  With 7- = I , 
f o r  will approach zero t o  within sin p 
P 
p =  10 sec corresponding t o  an estimated sweep 5 -1 
frequency of 16 KHz. 
4,1,2 The Effect of the Sweep Width Factor 
Equation (is) shows that the magnitude of the 
f i n a l  e r ror  depends upon the sweep width factor  
The term of i n t e r e s t  i s  the processed e r ror  E,, 
given by 
9 
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In terms of  ml t ipa th  over d i r ec t  path propa- 
gation delay time r ,  e i the r  path length difference 
in (15) can be bounded as fo l lows  
'where Tm,n and 2*,,, are  a use r ' s  minimum and max- 
imum t i m e  delay differences. Assuming the s a t e l l i t e  
i s  far enough away so that a l l  propagation paths 
from the  
glecting 
rived on 
where h 
ear th t o  the s a t e l l i t e  are  pa ra l l e l  ana ne- 
the ear th ' s  curvature, T is given by (de- 
the basis of Figure 11) 
- _  
i s  the user ' s  a l t i t ude  and Y is  the eleva- 
t i on  angle of the s a t e l l i t e .  Equation (17) i s  shown 
i n  Figure 12. 
35 
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~n general (&-Iz) does not equal (1, -1, ) If 
one of these dif2erences i s  assigned a value i n  the 
range of (16) , it remains t o  determine the close 
but generally different value of the  other differ-  
ence. 'Po do t h i s ,  l e t  
where z = &RZ 
and AX i s  small compared t o  e i t h e r x  o r  x z  i n  
accordance w i t h  the geometry o f  the  system. 
Recalling tha t  the <L ( i =  1, 2) are re la ted  t o  t h e i r  
respective r e l a t ive  delay times Ti. through the  vel- 
oci ty  of propagation c ,  e i ther  of  them can be expr- 
essed as an expl ic i t  function of  2 ( .  This  w i l l  be 
done w i t h  ,&-a, : 
For any par t icu lar  elevation angle, say r, , 
It f o l l o w s  then t h a t  
38 
where A 5  is a small elevation angle increment phys- 
i ca l ly  associated with the angular separation of the 
interferometer antennas. Expanding ]!-l, about 2(1 
Since this result is true for any elevation angle,& 
may be replaced. by 'd to obtain 
A< = 2 h (A&) COS 2( 
as shown in Figure 13. With the notation of (18) and 
noting that the maximum value of the error Emaxis 
the normalized phase error becomes 2 A, 
1 
7 
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Expanding 
f 
L 
2 
in which 
7r 
41 
Using (21) equation (20) becomes 
Equation (22) has been plotted w i t h  the aid of 
the Moore School RCA Spectra 70 computer. For the 
computer computation, cer ta in  parameters must be 
fixed. By choosing values f o r  f, h and A r  the 
normalized e r ror  can be plotted against the sweep 
width fac tor  7 w i t h  the  s a t e l l i t e  elevation angle b' 
42 
as a parameter, 
The user i s  chosen t o  be a supersonjc transport .  
From the four proposed frequency assignments, the 
L-band al locat ion will be chosen f o r  reasons of l e s s  
man-made interference and l e s s  ionospherio re f rac t ion  
than VRF ana f o r  reasons of more economy and l e s s  
propagation attenuation than the  6 c m  and 2 cm bands. 
The quantity A?f depends upon the  interferometer 
baseline D and is given approximately by 
radians 
D A X =  5 
where s i s  the  s a t e l l i t e  s l an t  range ( s Z3.9~10 7 m 
f o r  a smchronous s a t e l l i t e ) .  If it i s  assumed t h a t  a 
navigator knows h i s  posit ion t o  within 1000 nautical  
miles, Figure 2 shows that additional ambiguity- 
resolving apparatus w i l l  not be 
From the above discussion, 
are chosen t o  obtain Figure14: 
needed f o r  D up t o  2 0 3 .  
the  following values 
Center frequency, & = 1600 MHz 
SST a l t i t ude ,  = 2x10' m (64,000 f e e t )  
. .  
4 3  
44 
4 
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4.2 UTZLIZATION OF PATH LENGTH DEPENDENCE 
In t h i s  section the wavelength i s  assumed 
constant while the path lengths a re  allowed t o  
vary i n  accordance w i t h  a u se r ' s  motion during the 
integration time. Hence equation (8) i s  writ ten 
where 
L3[t) = R,-R, , a function of time 
L, it) = -e4- .& , a function of time 
L,(*) = I,-],  a function of time 
I 
In t h i s  case, low-pass f i l t e r i n g  ACX(-t) r e s u l t s  i n  
7- 
A t  a par t icu lar  instant  l e t  the  user be loc- 
ated a t  a point where 
Considering user motion short  
as a perturbat i  
write 
= LSD + A L, 
L,m = L,, + AL!, 
where ALi 
differences.  
(i=l, 2, 3 )  are  incremental path length 
Substi tuting equations (24) i n to  (2'3) yields  
Expanding, 
7- 
= A d  +- dt  
AT 0 
Note t h a t  the desired phase difference information 
A M  appears as the first t e r m  of equation ( 2 5 ) .  It 
remains t o  investigate the magnitude of the remain- 
ing terms ( the e r ror )  f o r  p rac t ica l  values of T .  
The use r ' s  velocity 3 can be resolved i n  the 
four direct ions which are the d i r ec t  and re f lec ted  
signal paths (see Figure 15). Suppose tha t  the in- 
tegrat ion time 7- i s  short  enough s o  t h a t  ve loc i t ies  
/UT , 4 , m3 , and /zr, may be considered constant. 
In such a case the distances traversed a t  each vel- 
oci ty  a r e  if. (i=l, 2, 3, 4). Recalling the defin- 
i t i o n s  of L,, Lz , and L3 , it fo l lows  tha t  
Using these r e l a t ions  i n  (25) gives 
51 
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INTERFEROMETER 
The bracketed term of (27) i s  bounded for a l l T .  
T h i s  term along w i t h  i ts  fac tor  of  AT can therefore 
be made a r b i t r a r i l y  s m a l l  by increasing T. A t  the  
same time, the second term of (27) increases w i t h  
increasing T .  An overriding consideration here i s  
tihat muse be smaller than the time it t a e s  a user 
B 
t o  t r ave l  a distance equal t o  the  desired posit ion 
determination accuracy. For posit ion determination 
within a one nautical  m i l e  diameter c b c l e ,  a SST 
t ravel ing a t  900 m/sec should not be required t o  in- 
tegra te  f o r  more than one second. With T fixed i n  
t h i s  way, the magnitude of the f irst  e r ror  term of 
(27) can be calculated from an estimate of N2-q 
.derived as follows. 
J 
mom spherical  trigonometry, i f  N bs the user 
velocity,  it may be projected (through the angle 6 ) 
onto any direct ion using 
cos 8 = cos x cos+ 
where 
sespectively by the interferometer antenna elevakion 
angle and i t s  azimuthal angle measured from N. 
and v ,  shown i n  Figure 16, are determined 
J 
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I 
I 
Now 
6-4- = A f ( c o s &  cos% - cos&- co&) 
theref ore 
54 
but A F  A* therefore 
at L-band f o r  a 2o?t baseline synchronous a l t i t ude  
interferometer. Since a one naut ical  mile accuracy 
corresponds t o  a phase measurement made t o  within 
0.006 radian, the f irst  e r ror  term of (27) w i l l  be 
ignored. 
The remaining velocity differences appearing i n  
(27) can be estimated from the following analysis based on 
Figure 17. Assuming a user i n  l eve l  f l i g h t  at- veloci ty  
J I 
W ,  R/; = W L o S  i s  the user ' s  r a t e  of horizontal 
t r ave l  i n  the plane of the  signal paths. The components 
of /vL along the d i r ec t  and re f lec ted  signal paths 
5 5  
/NTERFEROMETER 
SATELLITE 
are 4 and N;;c respectively.  
/ q =  /u; cos Q2 = fu-cos% cos 4 
From Figure 17 (a) 
S 
theref  ore 
Similarly f o r  antenna 1 
4-4 = - N s  h c o s y  sln b; 
but )fi = X2 + A r  , therefore 
cosy I sln &+ax)  
(2 9) 
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In estimating the magnitude of the velocity differences, 
assume tha t  the user t rave ls  perpendicular t o  the plane 
of the first antenna's signal paths ( t h i s  may be t rue  
f o r  most of a t ransa t lan t ic  f l i gh t ) .  Hence l e t  = 90" 
i n  which case (N3-q) = 0. and d i f f e r  by the 
azimuthal angular antenna separation A Y =  
Therefore = 90" - AV. 
- vz * 
J 
From Figure 18, & might typ ica l ly  be 40' f o r  a trans- 
a t l an t i c  f l i g h t  while Sltl A v  * D/s = 
discussed in section 4.1.2. For a 900 m/sec SST a t  
65,000 fee t  and a 2 0 2 ,  Eband, synchronous in te r fe r -  
radian as 
ometer 
With I= 0 , ( 2 7 )  becomes 
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J 
/ 
Considering (28) and (31) w i t h  T= / second, Aa,p 
is  approximated by 
Recalling that L,, and f,, are  fixed path length 
differences which a re  quite small, 
(34) 
where a f -  z2 is  given by Figure 13. The normalized 
e r ror  i n  t h i s  case i s  
60 
At r =  40°, 14-4 1 = 3~10'~ m from Figure 13 
w i t h  h = 2x10' and A = IOo7 radian. Hence 
6 L P  1  mar 1 = 0.049 at  1600 MHz 
8 
Assuming A= 0.1, 1 6 ~ ~  I = 0,0098 radian. Using 
equation ( I  1 , t h i s  value of phase difference can be 
converted t o  an e r ror  i n  angular position. 
m s1n (90"- €3) zn-D c o s $ =  
A I 6 - P  I = )r 
0 0 
But 81 f 8 6 90 
ronous a l t i tude .  
when viewing the ear th  from synch- 
where A %  i s  the radius of the user ' s  c i r c l e  of 
possible pos i t i ons  and s i s  the s a t e l l i t e  slant 
range. Using I ELPI = 0,0098 radian, 
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5.0 DISCUSSION AND CONCLUSIONS 
The equation f o r  the phase measurement made by 
a s a t e l l i t e  interferometer has been derived t o  reveal 
the  multipath e r ror  contribution. A means f o r  reduc- 
ing t h i s  e r ror  has been presented f o r  phase-coherent 
re f lec ted  energy as occurs i n  a specular s i tuat ion.  
The e r ror  reducing principle involves allowing or 
forcing the nultipath - d i rec t  signal phase relation- 
ship t o  vary during which a t i m e  averaging i s  used t o  
* 
extract  a more accurate phase measurement. The multi- 
path - di rec t  signal phase relat ionship is forced t o  
vary by sweeping the operating frequency. Alternative- 
ly ,  f o r  a moving user,  it can simply be allowed t o  
vary w i t h  user motion over the period of integration. 
In the frequency sweep case, the f i n a l  error  de- 
pends upon the amount of sweep defined by the sweep 
width factor  . Figure 14 shows the  e f fec t  of 4 On 4 
~ * 
Reflection from a changing surface such as the sea 
m@y be diffuse and time varying. It may cause the in- 
d i rec t ly  received wave t o  vary somewhat i n  amplitude 
and phase during the integration in te rva l  proposed here. 
Both of these variations cause a time variation i n  the 
measured phase of the resu l tan t  received wave. However, 
the var ia t ion of the l a t t e r  may, infac t ,  aid i n  the 
process of cancelling the e r ror ,  
62 
the multfpath e r ro r  f o r  between and loo2 and 
f o r  three elevation angles. T h i s  f igure shows that 
there  exists a large number of c r i t i ca l  values of 
f o r  which the e r ro r  vanishes. These zeros of equation 
(22) occur f o r  9 satisfying 
9 
4 
9 increases and The zeros occur more frequently as 
also f o r  increasing elevation angle. Where the  zeros 
occur extremely close together i n  Figure 14, only the 
envelope of the maximum error  points i s  shown. 
From the standpoint of spectrum conservation,the 
smallest zero of (22) should be selected as the op- 
erating point since 2 6 9ives the  sweep width. 
However, should the user move substant ia l ly  during 
the time interval  of measurement, the ze ros  of (22) 
w i l l  s h i f t  s l igh t ly ,  In t h i s  case a 9 should be 
selected out along the  t a i l  of Figure 14 based on the 
maximum tolerable  error  f o r  a desired navigation ac- 
curacy. Operation above t h i s  llcut-offtt value of  
w i l l  give an e r ror  value l e s s  than the maximum one 
allowed, 
9 
4 
For the case of integration while the  user i s  
i n  motion, a maximum integration time of  one second 
has been established. T h i s  insures t ha t  the  user can 
make a posit ion measurement before having moved 
outside a one naut ical  m i l e  diameter c i r c l e  about 
I 
his calculated positt;'ion, Using the same s a t e l l i t e  
and operating frequency as i n  the frequency-sweep 
case, the  integration-while-in-motion technique for 
T -  1 second r e s u l t s  i n  a posit ion error  of about 
2.8 km for a SST a t  65,000 f e e t ,  T h i s  i s  not as 
good. as r e s u l t s  achievable with the frequency-sweep 
technique which would give a 0.057 km accuracy for 
v =  lom3 (a 3.2 MHz sweep a t  &-band) assuming such 
accuracies are compatible with the precision of elec- 
t r i c a l  phase measuring equipment The integration- 
while-in-motion technique does not require trans- 
mit ter  sweeping c i r c u i t s  o r  elaborate receiver 
tracking, However, slow moving users w i l l  not be able 
t o  use t h i s  method f o r  multipath reduction when 
measuring over a short  period of time. 
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